Small non-coding RNAs are key post-transcriptional and transcriptional regulators of plant gene expression in angiosperm sporophytes. In recent years, gametophytic small RNAs have also been investigated, predominantly in Arabidopsis male gametophytes, revealing features in common with the sporophyte as well as some surprising differences. Transcriptomic and deep-sequencing studies confirm that multiple small RNA pathways operate in male gametophytes, with over 100 miRNAs detected throughout development. Trans-acting siRNA pathways that are associated with novel phased transcripts in pollen, and the nat-siRNA pathway have important roles in pollen maturation and gamete function. Moreover, a role for siRNA-triggered silencing of transposable elements in male and female germ cells has been established, a feature in common with the role of piRNAs in animal germlines. Current evidence supports an integral role for small RNAs in angiosperm gametophyte development and it can be anticipated that novel small RNAs with significant roles in germline development and genome integrity await discovery.
Introduction
Since their discovery and characterization, much aided through high-throughput sequencing approaches, small non-coding RNAs have emerged as key post-transcriptional regulators of plant gene expression. The presence and activity of small RNA pathways have principally been described in the sporophyte whereas events in the gametophyte remain largely unexplored-which is unexpected in view of the pivotal role of small RNAs in animal germline development (Klattenhoff and Theurkauf, 2008) . Small non-coding RNAs can be roughly divided into two main categories dependent on their origin; microRNAs (miRNAs) are produced from a single-stranded RNA that basepairs to form a hairpin structure, whereas short interfering RNAs (siRNAs) result from the processing of longer double-stranded RNAs. The miRNA pathway has been well-characterized and plays a variety of developmental roles during the plant life-cycle through the regulation of a wide range of specific transcripts. By contrast, a range of different siRNAs pathways coexist in the plant cell, some dedicated to the regulation of specific transcripts, while others are employed as 'signals' to guide DNA methylation (RNA-directed DNA methylation or RdDM) at specific locations of the genome, generally enriched in repeated sequences and transposable elements (TEs). Although first discovered in sporophytic tissues, information on small noncoding RNAs is starting to emerge from the study of male and female gametophyte development. Data on the presence, synthesis, and activity of non-coding RNAs in angiosperm gametophytes are reviewed here, with a focus on events accompanying sporogenesis and gametogenesis (pollen development) in the model plant Arabidopsis thaliana.
MicroRNA synthesis, processing, and activity in plant cells
There are many RNA polymerase II (PolII)-transcribed loci in the genome, most of which are discrete genes transcribed under their own promoter, including miRNAs (Fig. 1A) . Transcription initially gives rise to a single-stranded RNA (ssRNA) which forms a distinct hairpin structure . While still in the nucleus these precursors (pri-miRNAs) are recognized by HYL1, a double-stranded RNA binding protein, and are first converted into an intermediate 'pre-miRNA' and finally into 20-22 nucleotide (nt) miRNA/miRNA* duplexes by DCL1-an RNAseIII-like endonuclease. The duplex is then methylated at the 3' terminus by HEN1 and exported into the cytoplasm by HASTY, an exportin protein. One strand \of the duplex (the miRNA) is bound by an ARGO-NAUTE1 (AGO1) protein-a component of the RNAInduced Silencing Complex (RISC)-whereas the redundant miRNA* strand is usually degraded. AGO1 then promotes miRNA function by binding the miRNA sequence to the 'target' mRNA through base-pair complementarity. Following binding, the mRNA target may be degraded through MIR genes are initially transcribed by the DNA-dependent RNA polymerase PolII into a single-stranded RNA that folds back to form a hairpin structure (also called pri-miRNA) thought to be stabilized by the RNA-binding protein DAWDLE (DDL). Splicing and further processing in nuclear dicing bodies involves the interactive functions of DRB HYPONASTIC LEAVES 1/DRB1 (HYL1/DRB1), the C2H2 Zn-finger protein SERRATE (SE), CBP20, and CBP80. Pri-miRNAs and pre-miRNAs are thought to be generally processed from the free-end opposite to the loop by DCL1 to yield one or several phased miR:miR* duplexes. These are then methylated by HEN1 and transferred to the cytoplasm by a HASTY-dependent export system. The miRNA guide strand is selected, incorporated and stabilized in dedicated AGO proteins to direct mRNA cleavage or translation inhibition of the target transcript. MiRNA-guided AGO1 functions are promoted by SQN and HSP90. (B) Trans-acting siRNA pathway. Non-coding TAS genes are first transcribed by PolII and exported to the cytoplasm by SDE5 protein where they are initially cleaved by specific 22-nt microRNAs in an AGO1-dependent manner (1). The resulting RNA fragment is then stabilized by SGS3 homodimers and double-stranded by a RNA-dependent RNA polymerase RDR6. The resulting dsRNA is proposed to be transported back to the nucleus by SDE5 where they are processed into phased 21-nt duplexes by DCL4 and its partner DRB4 (2). Each of these siRNAs then regulates the expression of several target genes after being transferred to the cytoplasm by SDE5 again (3). (C) Heterochromatic-siRNAs biogenesis. Regions of the genome rich in retroelements, repetitive DNA, and methylated DNA can be transcribed by PolIV and then processed into dsRNAs through the action of RDR2 and subsequently cleaved by DCL3 into 23-25-nt siRNAs. CLASSY1 (CLSY1), a SNF2 domain-containing protein, is also proposed to facilitate this processing step. siRNAs can then guide AGO4 to DNA targets by binding to non-coding scaffold transcripts synthesized by PolIV or PolV. Cytosine methylation at these specific sites can then be triggered by different effectors like the de novo methyltransferase DRM2, DRD1, a member of the SWI2-SNF2 chromatin remodelling protein family and DMS3, a structural maintenance of chromosomes (SMC) protein.
endonucleolytic cleavage, or the mRNA/miRNA hybrid may act, together with the RISC, to inhibit translation (Brodersen et al., 2008) . The fate of most miRNA cleavage products is degradation, resulting in rapid elimination of the transcript. Translational inhibition is now known to be widespread in plant cells (Brodersen et al., 2008; Lanet et al., 2009) and AGO1 acts bifunctionally, capable of translational inhibition as well as 'slicer' cleavage activity. However, miRNAs can also act through AGO10 (also named PINHEAD and ZWILLE), which has a much more restricted pattern of expression compared with the ubiquitous AGO1 (Lynn et al., 1999) . AGO10 does not utilize miRNAs to initiate cleavage of the bound transcript but acts via translational inhibition (Brodersen et al., 2008) .
miRNAs have been shown to play important developmental roles in the angiosperm sporophyte, regulating hormone biosynthesis and signalling, phase transition, pattern formation, and morphogenesis (Chen, 2009 ). Furthermore, miRNAs appear to make an important contribution to the physiological state of the plant, for example, by regulating cellular stress responses (Sunkar, 2010) . To date, 213 different miRNAs have been identified in the small genome of A. thaliana (Chen, 2009 ).
The plant sporophyte processes different classes of short-interfering RNAs (siRNAs) siRNAs generally arise from the serial cleavage of longer RNAs into 18-25-nt small RNAs. Features identifying these longer RNAs for siRNA biogenesis are unconventional structural features, such as the formation of doublestranded regions, and their mechanism of biogenesis (such as transcription by the novel plant-specific PolIV). Among this broad category of small RNAs, several sub-classes of siRNAs have been identified, some being linked with coding regions (trans-acting siRNAs or ta-siRNAs and natural antisense siRNAs or nat-siRNAs), others being associated with 'non-coding' genomic regions rich in repeated sequences or TEs.
The ta-siRNA biogenesis pathway has absolute dependence on the miRNA pathway as it involves an initial miRNA-directed cleavage of specific non-coding transcripts, derived from trans-acting siRNA (TAS) genes (Fig. 1B) . Typically these TAS transcripts have two independent binding sites for miRNAs, although in angiosperms this leads to one, rather than two, cleavage events. The cleaved transcript is not degraded but instead is earmarked for further processing. An RNA-dependent RNA polymerase, RDR6, copies the cleaved TAS RNA to form a dsRNA which is then stabilized by binding to SGS3, a coiled-coil protein (Allen and Howell, 2010) . The dsRNA is then repeatedly cut by DICER-LIKE enzymes, generally DCL4, to form a series of phased ;21-nt small RNAs, named trans-acting short interfering RNAs (ta-siRNAs). These ta-siRNAs then target specific transcripts by regulating their expression at the post-transcriptional level, by cleavage and/or translational inhibition. In the small genome of Arabidopsis, it would appear that TAS genes are relatively rare, with four TAS genes identified so far. The ta-siRNAs from TAS1 and TAS2 target PPR protein genes, TAS3 (also called Tasi-ARF) generates siRNAs regulating different Auxin Response Factors (ARFs), while siRNAs from TAS4 regulate certain MYB factor transcripts (Allen and Howell, 2010) .
The mechanism by which miRNA-cleaved TAS transcripts are routed into siRNA biogenesis remained puzzling, as the majority of transcripts cleaved by miRNAs are simply directed into RNA degradation pathways and do not spawn dsRNA and secondary siRNAs. However, it has recently been shown that secondary siRNAs from TAS transcripts (i.e. ta-siRNAs) as well as those from miRNAcleaved protein-coding transcripts are triggered only through initial targeting by a 22-nt miRNA variant that associates with AGO1 (Cuperus et al., 2010) . In contrast to canonical 21-nt miRNAs, 22-nt miRNAs primarily arise from foldback precursors containing a position-specific asymmetric bulge. As a consequence, AGO1 functions differentially with 21-nt and 22-nt miRNAs, in the latter case leading to the activation of dsRNA synthesis via RNAdependent RNA polymerase activity and subsequent siRNA production (Chen et al., 2010; Cuperus et al., 2010) .
Another class of siRNAs arises from loci producing cisnatural antisense transcript pairs (cis-NATs), which are a common feature of eukaryotic genomes (c. 9% of Arabidopsis genes). The level of expression of the transcripts constituting the pair can be regulated by the action of natural cis-antisense siRNAs (cis-nat-siRNAs) derived from the cleavage of the dsRNA formed by the overlap of the two transcripts (Jin et al., 2008) . Two studies have revealed their involvement in stress-responsive gene expression in Arabidopsis, both demonstrating that, in response to a specific stress condition (i.e. pathogen presence or high salt), one cis-NAT transcript is specifically produced, while the other remains constitutively expressed. The resulting dsRNAs give rise to specific nat-siRNAs down-regulating the constitutive transcript, thereby producing the appropriate response to stress (Borsani et al., 2005; Katiyar-Agarwal et al., 2006) .
Whilst the roles of miRNAs, ta-siRNAs, and nat-siRNAs principally concern post-transcriptional regulation of coding transcripts, a major role for siRNAs in the genome-and perhaps one of the drivers for their evolution-is the epigenetic control of selfish or invasive sequences, such as viral RNAs, transposons, and transgenes, as well as the epigenetic regulation of repetitive sequences such as those found in the centromeric/pericentromeric and telomeric regions of chromosomes (Fig. 1C ). Even transcripts produced by conventional PolII transcription can be routed into siRNA biogenesis through 'aberrant' features, such as the formation of dsRNA regions or the lack of proper 5# cap structures and polyadenylation signals (Gazzani et al., 2004; Luo and Chen, 2007; Gregory et al., 2008) . However, plants also employ two novel DNA-dependent RNA polymerase complexes, PolIV and PolV, in the generation of siRNAs in specific nuclear-localized pathways (reviewed in Law and Jacobsen, 2010) . PolIV is believed to transcribe long ssRNA transcripts from myriad genomic regions, including non-coding, repetitive sequences. These ssRNAs are subsequently processed by RDR2 into dsRNA and then cut into 24-nt siRNAs by Dicer-like endonucleases, preferentially by DCL3. These 24-nt siRNAs are bound by AGOs, principally AGO4, and their role is to direct chromatin remodelling and RNA-dependent DNA methylation machinery to homologous genomic sequences. The other complex, PolV, is an active polymerase that has a more specialized role in transcribing ssRNA from specific non-coding genomic regions. These ssRNAs may have a role in guiding the AGO4-bound 24-nt siRNAs to their target loci. This complex pathway based on 24-nt siRNAs can not only direct de novo DNA methylation and chromatin changes, but also acts continually to reinforce existing patterns of silencing in the genome.
Different classes of siRNAs thus play a crucial role in plant development, since they can be directly involved in the control of specific genes, at the transcriptional or translational levels, and also play an important part in the protection of genome integrity by directing DNA methylation to specific locations. So far, the main discoveries regarding novel classes of small RNAs have been made in the sporophyte. However, in recent years small RNAs have started to be investigated in the male and female angiosperm gametophytes (predominantly in Arabidopsis), revealing features in common with the sporophyte as well as some clear and surprising differences.
Components of small RNA pathways are present in angiosperm gametophytes
Large-scale transcriptomic analyses using microarrays have resulted in the detection of the expression of a number of components of small RNA pathways in gametophytes. Initial developmental profiling of gene expression during Arabidopsis pollen development (Honys and Twell, 2004) , later confirmed by RT-PCR analyses (Chambers and Shuai, 2009; Grant-Downton et al., 2009a) showed that many of the transcripts involved in different small RNA pathways were detectable, including AGO1, AGO10, and DCL1, involved in miRNA biogenesis and action, as well as those required for siRNA biogenesis (e.g. RDR6 and DCL3). As a general trend, these genes were most highly expressed at the earlier stages of pollen development (Grant-Downton et al., 2009a) . However, many transcripts were still present in mature pollen and the likely persistence of translated protein products suggested roles for corresponding small RNA pathways in the control of gene expression throughout male gametophyte development. Subsequently, Borges et al. (2008) developed a method to isolate the gametes (sperm cells) from mature pollen grains and global transcriptomic analysis of these cells confirmed the presence of small RNA pathway transcripts. Notably, transcripts involved in RdDM and epigenetic regulation were present, indicating that male gametes tightly regulate their epigenomic state.
It is evident that some small RNA pathway transcripts are highly enriched in sperm cells, including two ARGO-NAUTE family members, AGO5 and AGO9 from different clades (Borges et al., 2008; Vaucheret, 2008) . AGO5 shows homology with the AGO1/AGO10 (miRNA pathway), while AGO9 shows homology to AGO4/6 (siRNA pathway). Despite the strong homology between AGO1/AGO10 and AGO5 they are likely to bind different classes of small RNAs. AGO5 has been shown to interact mainly with intergenic siRNAs (57%) and repeat-associated siRNAs (22%), whereas only a very few miRNAs can be found associated with AGO5 (Mi et al., 2008) . Interestingly, the expression of the rice orthologue of AGO5, MEIOSIS ARRESTED AT LEPTOTENE1 (MEL1), is restricted to meiotic precursors and meiocytes, and mutations in MEL1 result in early meiotic arrest (Nonomura et al., 2007) . The small RNA species that MEL1 and AGO5 interact with in meiocytes and sperm cells, respectively, remain to be identified. On the other hand, AGO9 preferentially interacts with 24-nt siRNAs derived from TEs and is necessary to silence TEs in the female gametophyte (see below). Arabidopsis AGO9 is expressed in sporophytic tissues surrounding the female gametophyte (but not in the gametophyte) and prevents the ectopic differentiation of megaspore mother cells (Olmedo-Monfil et al., 2010) . Further investigation is required to establish whether AGO9 has a similar silencing role in the male germline and whether AGO5 and/or AGO9 also contribute to male gamete specification.
By comparison with the male, study of the transcriptome of the eight-celled type female gametophyte constitutes a severe technical challenge due to its location, nested within sporophytic cells, and the relative paucity of female gametophytic cells. Early evidence from several studies (reviewed in Grant-Downton, 2010) indicated that various components of small RNA pathways may be present. Recently, laser micro-dissection of the Arabidopsis female gametophyte has allowed the isolation of different cell-types (egg cell, synergids, and central cell) and their subsequent transcriptomic profiling (Wuest et al., 2010) . Analysis of these data revealed that different AGO transcripts (AGO1, AGO2, and AGO5), as well as DCL1 transcripts were present in the egg cell, further indicating that small RNA pathways are active in the female gametophyte and germline.
Profiling miRNAs in the gametophyte generation
Once components of small RNA pathways had been identified in both gametophytes, the challenge was to demonstrate their functionality. Grant-Downton et al. (2009a) showed that all states of miRNA synthesispri-miRNAs, pre-miRNAs, and processed mature miRNAswere detectable in the Arabidopsis male gametophyte. A range of miRNA families was identified in mature pollen and 5'-RACE-PCR assays were subsequently used to detect cleavage products (at the predicted miRNA-cleavage site) for specific transcripts. Cleavage products could be detected, for example, for AGO1, ARF16, and ARF17 transcripts demonstrating that corresponding miR168 and miR160 were functionally regulating their target transcripts, and confirming that miRNA pathways are both present and functional in the male gametophyte.
Subsequently, high-throughput sequencing methods (Grant-Downton et al., 2009b) and miRNA microarrays (Chambers and Shuai, 2009) , combined with q-RT-PCR validation, were used to survey miRNAs in Arabidopsis mature pollen (Table 1) . 454 sequencing allowed the identification of 33 known miRNA families (Grant-Downton et al., 2009b) . The most highly expressed was miR156, that is known to repress the expression of flowering-promoting genes, miR158 and miR161, which target PPR protein transcripts, and miR159, which is also highly expressed in sporophytic tissues and represses the expression of a number of MYB transcription factors. Using quantitative RT-PCR analyses, Grant-Downton et al. (2009b) determined the relative level of expression of different miRNA families.
Comparison of these expression levels with sporophytic tissue (leaf) revealed gametophytic enrichment for miR157, known to target SPL transcripts, and miR773, controlling the expression of the DNA methyltransferase MET2. Using microarrays, Chambers and Shuai (2009) identified 37 known miRNAs in mature pollen, most of which were also present in small RNA sequencing data. Whereas microarray analysis can only identify known miRNAs, pyrosequencing permits the discovery of novel small RNAs. Even limited small RNA sequence data from mature pollen allowed the identification of eight new miRNAs, some of them being gametophyte-specific (Grant-Downton et al., 2009b). Recently developed bioinformatic tools (Moxon et al., 2008) have permitted the identification of new hairpin structures located at intergenic regions of the genome, and the predicted target transcripts for these putative novel miRNAs. Interestingly, 5' RACE-PCR studies were able to confirm cleavage of a predicted target for only one of the novel miRNAs, raising the possibility that the majority of these novel miRNAs operate by translational inhibition rather than cleavage. Alternatively, this result may simply reflect the current limits of miRNA target prediction tools. miR2939, for which expression was confirmed to be gametophyte-enriched in comparison to leaf tissues, was predicted to target a sperm-enriched F-Box super-family transcript (At3g19890) which is already known to be targeted by miR774. This detection of cleavage products arising from both miRNA-binding sites revealed a new case of a transcript targeted by two different miRNAs (GrantDownton et al., 2009b) .
While these preliminary studies effectively surveyed miRNA populations in mature pollen and demonstrated functionality (cleavage) of some miRNAs, they provided a restricted view of small RNA activity throughout male gametophyte development. To obtain a developmental perspective and to gain additional information on known and novel miRNAs through greater sequencing depth, Illumina technology was exploited to sequence small RNAs at four stages of pollen development (G Le Trionnaire et al., unpublished data). This study identified over 100 known miRNAs in the male gametophyte throughout development, substantially enhancing our current knowledge, and pointing even more strongly to a significant role for miRNAs in pollen development. Sequence comparisons using these data identified about 50 putative new miRNAs, with many being highly expressed at the microspore stage, suggesting a possible functional role during meiosis or during early pollen development. While this work has increased our knowledge of the number of male gametophyte miRNAs by about 30%, a further increase is also likely to come from the analysis of sperm cell small RNA sequence data (Slotkin et al., 2009) , that has already led to the identification of male gamete-enriched miRNAs (Borges et al., 2011) . MiRNAs have now been clearly identified in angiosperm male gametophytes and have been shown to cleave their target transcripts efficiently. Nevertheless, little is known about the extent of miRNA expression and function in the female gametophyte. The recent development of effective laser micro-dissection technology in Arabidopsis (Wuest et al., 2010) and improved cell separation techniques in maize (S Sprunck, T Dresselhaus, unpublished data) and rice (S Russell, M Singh, unpublished data) should enable the accumulation of sufficient material to permit large-scale sequencing of small RNAs in different cells within the embryo sac.
Analysis of miRNA function in the male gametophyte
Although essential for determining the presence and activity of miRNAs during gametophytic development, these sequencing-based approaches remain mainly descriptive. More comprehensive functional analyses are required to unravel the contribution of individual miRNAs or their corresponding targets to pollen development. A range of functional tools have been developed and used to test miRNA function during sporophytic development, and these are being adapted for use in the male gametophyte.
An approach used previously in sporophytic studies involves over-expressing miRNA-resistant forms of target transcripts by generating silent mutations at their binding sites (Mallory et al., 2005; Liu et al., 2007; Martin et al., 2010) . While this strategy has the potential of producing useful data for pollen, it has a number of inherent disadvantages. First is that analysis has to take place on a transcript-by-transcript basis and many miRNAs target multiple transcripts. Secondly, transcripts will be artificially over-expressed and there is a possibility that translational inhibition effects remain even in the absence of transcript cleavage. However, methods have recently been developed for modulating endogenous sporophytic miRNA activity by expressing artificial target mimic transcripts that bind and sequester miRNAs, leading to phenotypic changes (FrancoZorrilla et al., 2007; Todesco et al., 2010) . Using gametophyte-specific promoters, this strategy could be used to down-regulate specific miRNAs in different cells of the gametophyte.
The confirmation that endogenous miRNA genes are expressed and processed to form mature miRNAs that function in the gametophyte opens up the possibility of using artificial miRNAs as a functional tool (Schwab et al., 2006) . Artifical miRNAs can be designed to down-regulate one or more transcripts specifically, allowing loss-of-function analysis of the desired transcripts in a single tissue or cell (Schwab et al., 2006) . This technology has already been deployed in Arabidopsis pollen for functional analysis of genes; Coimbra et al. (2009) used an artificial miRNA directed against AGP6 and AGP11 transcripts that resulted in degenerated or collapsed pollen phenotypes. Recently, this tool has also been used to assess the capacity of different pollen cell-types to process and use artificial miRNAs. Using vegetative-expressed (LAT52) and germlinespecific (MGH3) promoters, an artificial miRNA (amiGFP) targeted to GFP transcripts has been expressed in transgenic marker lines. The ProLAT52-amiGFP construct was sufficient to reduce GFP expression in the vegetative cell under control of ProLAT52. Similarly, the MGH3 promoter was sufficient to cause a significant diminution of GFP fluorescence under the control of the MGH3 promoter in germ cells, confirming that vegetative and germ cells are competent to process and use artificial miRNAs to modulate gene expression (G Le Trionnaire et al., unpublished data). Interestingly, the ProLAT52-amiGFP construct also led to down-regulation of germline-specific GFP (under the control of the MGH3 promoter), similar to a previous report in which an amiGFP under the control of the LAT52 promoter was able to reduce germline GFP expression in the ProGEX2-GFP marker line (Slotkin et al. (2009) . Although this phenomenon has been proposed to arise through miRNA transfer between the vegetative cell and sperm cells (Slotkin et al., 2009) , the LAT52 promoter is known to be active in the microspore in Arabidopsis (Eady et al., 1994) , thus the inheritance of microspore-derived miRNAs provides an equally plausible mechanism for this apparent non-cell autonomous silencing in the germline.
Trans-acting and natural-antisense siRNAs functionality in angiosperm pollen
Surveying miRNAs in mature pollen revealed the presence of miR173, which targets the non-coding TAS1 and TAS2 transcripts to initiate ta-siRNA biogensis (Grant-Downton et al., 2009b) . As might be expected, analysis of pollen small RNA sequences by pssRNAminer software (Dai and Zhao, 2008) identified the phased ta-siRNAs corresponding to TAS1 and TAS2 (Grant-Downton et al., 2009b) . It is evident that the male gametophyte is capable of generating secondary siRNAs such as tas-siRNAs from the RDR6-SGS3-DCL pathway. More recently, sequencing of small RNAs at four stages of pollen development has confirmed that ta-siRNAs generated from TAS1, TAS2, and TAS3 transcripts can be detected throughout male gametophyte development (R Grant-Downton et al., unpublished data). Strikingly, pollen development is associated with a significant increase in the diversity of phased siRNAs, and mutants compromised in siRNA biogenesis, such as the dcl2dcl3dcl4 triple mutants, show defective development in the Progamic phase (R Grant-Downton et al., unpublished data) .
A further system of siRNA biogenesis, the nat-siRNA pathway, has recently been shown to play an essential developmental role in the male gametophyte (Fig. 2) .
Previously, the nat-siRNA pathway had only been shown to play roles in abiotic and biotic stress responses in the sporophyte (Borsani et al., 2005; Katiyar-Agarwal et al., 2006) . Ron et al. (2010) demonstrated that the misregulation of a specific cis-nat-siRNA pair in Arabidopsis sperm cells resulted in impaired fertilization. They showed that, in wild-type plants, the overlapping transcripts from the kokopelli (KPL)/ARIADNE14 (ARI14) cis-NAT pair exhibited inverse expression patterns during pollen development. This suggested that this pair could give rise to the production of nat-siRNAs originating from KPL transcripts directing down-regulation of ARI14 transcripts in sperm. Analysis of kpl mutants confirmed the overexpression of ARI14 transcripts in pollen, which was correlated with impaired fertilization involving a single fertilization of either the egg or the central cell resulting in seed abortion. Their data also strongly suggested that a KPL/ARI14 nat-siRNA was generated only in sperm cells and was responsible for ARI14 down-regulation. KPL encodes a protein of unknown function whilst ARI14 is a putative inactive ubiquitin-E3 ligase that is proposed to compete with functional ubiquitin-E3 ligases for substrates. This constituted the first example of the functional role of a specific siRNA in pollen development and, intriguingly, it is likely to have had a recent evolutionary origin, with KPL restricted to the Brassicaceae. The bioinformatic analysis of small RNAs sequencing data to find siRNAs matching some of the other natural-antisense pairs reported or predicted in the Arabidopsis genome (Jin et al., 2008) will help to establish the wider significance of this mode of regulation in the male gametophyte. In the case of the KPL/ ARI14 cis-NAT pair, nat-siRNAs were exceptionally rare in Illumina sequence data and their discovery through an insertion mutation with a corresponding phenotype was fortuitous, which suggests that other gametophytic examples await discovery.
siRNA silencing of transposable elements in angiosperm male and female gametophytes
In animals, a class of longer germline-specific small RNAs of 26-31-nt can be detected. Discovered in flies, these are called piRNAs because of their specific association with Argonaute-family PIWI proteins (the equivalent mammalian proteins are termed MIWI). Their mechanism of biogenesis and mode of action is unique (Klattenhoff and Theurkauf, 2008) and their roles include directing the silencing of transposons and repeated sequences in germ cells, thereby preserving the genomic integrity of the gametes and preventing the transmission of deleterious effects of active elements to the next generation (Kim et al., 2009) . Although even longer siRNAs of 30-40-nt have been described in plants these are generated by a completely Fig. 2 . Functional role of siRNAs in the Arabidopsis male gametophyte. Slotkin et al. (2009) first highlighted the critical role of siRNA pathways in silencing TEs in germ cells. They suggested that the reactivation of TEs in the vegetative cell-which was associated with the absence of the chromatin remodelling protein DDM1-could serve as a template for the production of 21-nt TE-siRNAs. They propose that these siRNAs could constitute a signal to direct DNA methylation at the complementary loci in the sperm nuclei. Subsequently, Ron et al. (2010) demonstrated a developmental role for the cis-nat-siRNA pathway in pollen. Indeed, they show that the KPL/ARI14 NAT pair gives rise to the production of KPL cis-nat-siRNAs, triggering ARI14 degradation. ARI14 control by a siRNA pathway is thought to be a key requirement for proper fertilization in Arabidopsis, since kpl mutants (unable to give rise to the production of the siRNAs) show failed and 'single sperm' fertilization events. These two different pathways are thought to act in both sperm cells. different mechanism and work by a different biochemical process (Katiyar-Agarwal et al., 2007) . As plants lack members of the PIWI subfamily of AGO proteins, it seems that a piRNA-type system for control of selfish elements in reproductive development is restricted to animals. A significant difference between plants and animals is that plants do not form a 'germline' until very late in development, whereas animals generally set up germline formation at the earliest stages of development (Dickinson and Grant-Downton, 2009 ). In plants, this late onset of germline formation allows somaclonal variation gained during development, such as transposition events, to be passed on to offspring. However, new work has demonstrated that plants have evolved mechanisms to tighten control of selfish element activity during the critical phases of reproductive development. A recent study of Arabidopsis pollen small RNAs reported that 21-nt siRNAs targeting specific TEs (Athila) are present in sperm cells (Slotkin et al., 2009) . Surprisingly, in the gametes, 21-nt siRNAs derived from TEs were more abundant than the 24-nt species that are typically associated with TEs in sporophytic cells, and the authors propose that these 21-nt siRNAs act to reinforce RdDM and silencing of corresponding selfish elements in the sperm cells. By contrast, certain classes of TEs were shown to be reactivated and to transpose only in the vegetative nucleus, consistent with the down-regulation of the heterochromatin-remodelling enzyme DDM1 and the probable absence of the corresponding TE-siRNAs in pollen. The authors thus proposed a model whereby the vegetative cell acts as a germline 'companion' cell to regulate the activity of gametic TEs through the transport of vegetative nucleus-derived TE-siRNAs into the sperm cells (Fig. 2) . This idea of a movement of small RNAs between cells and throughout plant development has come from several different studies (Chuck and O'Connor, 2010) . In the case of the male gametophyte this was proposed, based in part on the reduced expression of GFP in sperm cells (ProGEX2-H2B::GFP marker lines) using an artificial microRNA driven by the LAT52 promoter, known to be mainly active in the vegetative cell (Twell, 1992) . Nevertheless, detailed characterization in Arabidopsis showed that the LAT52 promoter is also active at the microspore stage (Eady et al., 1994) . Consequently, miRNAs or siRNAs produced in the microspore could be inherited in the germline and target GFP transcripts. It is still possible that siRNAs can move from the vegetative cell to the sperm cells but additional experiments are needed to support this hypothesis. A further recent report showed that the activity of the ARGONAUTE9 (AGO9) protein was necessary to silence TEs in the female gametophyte (Olmedo-Monfil et al., 2010) . AGO9 is expressed in sporophytic cells surrounding the female gametophyte (but not in the female germ cell lineage) and interacts preferentially with 24-nt siRNAs derived from TEs. Both studies suggest that TEs reactivated in specific cells of both male and female gametophytes enhance siRNA-triggered silencing of TEs in the germline cells and is reminiscent of the role of piRNAs in transposon silencing in animals (Mosher and Melnyk, 2010) . These examples both highlight a role for small RNAs in promoting genome integrity of angiosperm gametes.
Conclusion
Transcriptomic and deep-sequencing studies confirm that multiple small RNA pathways operate in angiosperm gametophytes. It is evident that non-coding small RNAs participate in multiple aspects of the male gametophytic phase of the life cycle, including the control of genome integrity and gamete function. In contrast, the diversity of small RNAs and their functions in female gametophytes remain unknown, although siRNA pathways influence the specification of female sporogenous cells and target the repression of TEs in the female gametophyte. With the advent of refined laser microdissection and cell separation techniques for Arabidopsis, maize, and rice female gametophytes, a comparative view of gametophytic small RNAs is now approachable. Even where extensive small RNA sequencing data has been generated for the male gametophyte, the functional or regulatory roles for several different classes of small RNAs remain to be identified. More than 100 different miRNAs have been detected in the male gametophyte and the application of new tools specifically to block their activities has great potential to uncover their biological roles. Understanding the involvement of small RNA pathways in global chromatin and DNA methylation changes that accompany male gametophyte development is a further challenge that will benefit from recent developments in the isolation of nuclei from sperm and vegetative cells. Given the rapid progress that has been made, it can be anticipated that small RNA pathways and novel small RNAs with significant roles in gametophyte and germline development will soon be uncovered.
